1. Introduction {#sec1-ijms-20-01064}
===============

The striped rice stem borer, *Chilo suppressalis* (Walker), is an serious pest of agricultural grain crops, including rice, and it causes huge losses in yield throughout Asia \[[@B1-ijms-20-01064],[@B2-ijms-20-01064]\]. Although it is known for its rapid development of resistance to many conventional insecticides, the management of *C. suppressalis* relies heavily on insecticides, which emphasizes the necessity for the understanding of its insecticide resistance mechanisms \[[@B3-ijms-20-01064],[@B4-ijms-20-01064]\]. Chlorantraniliprole, as a novel diamide insecticide that targets the ryanodine receptor (RyR), has been extensively used for the control of caterpillars \[[@B5-ijms-20-01064]\]. However, high-level chlorantraniliprole resistance of *C. suppressalis* has been reported after a few years of extensive use \[[@B6-ijms-20-01064],[@B7-ijms-20-01064]\]. Understanding the chlorantraniliprole resistance mechanism can improve its application and prolong its use. Previous studies have found that three mutations (*G4910E*, *Y4667D*, and *I4758M*) in RyR might be involved in the chlorantraniliprole resistance in *C. suppressalis* \[[@B7-ijms-20-01064],[@B8-ijms-20-01064]\]. Additionally, multiple overexpressed cytochrome P450-dependent monooxygenase genes (*CYP6CV5*, *CYP9A68*, *CYP321F3*, and *CYP32412*) potentially contributed to chlorantraniliprole resistance of *C. suppressalis* \[[@B9-ijms-20-01064]\]. Enhancement of esterase activity might also confer *C. suppressalis* resistance to chlorantraniliprole \[[@B7-ijms-20-01064],[@B8-ijms-20-01064]\]. These results showed complex resistance mechanisms in *C. suppressalis* to chlorantraniliprole. Therefore, the resistance mechanism of chlorantraniliprole in *C. suppressalis* should be clearly understood.

The insect detoxification systems that mediate diverse metabolic resistance mechanisms to insecticides are sophisticated, and different detoxification enzyme genes may be involved in insecticide resistance. In the three phases of detoxification, uridine diphosphate glycosyltransferases (UGTs) belong to phase II metabolizing enzymes that are found in all living organisms, which are encoded by a superfamily of genes \[[@B10-ijms-20-01064]\]. The protein structure of UGTs contains two main parts: the aglycone substrate-binding domain at the N-terminus, and the UDP sugar donor-binding domain at the C-terminus. UGTs catalyze the transfer of glycosyl groups from a nucleotide sugar to a variety of small hydrophobic molecules (aglycones). This increases their water solubility and makes them easier to be excreted, resulting in the detoxification and elimination of substrates \[[@B11-ijms-20-01064]\]. Therefore, glycosylation of toxins by UGTs is a particularly important detoxification mechanism. UGTs are important detoxification enzymes in insects which can metabolize insecticides, and consequently the involvement of insect UGTs in the development of insecticide resistance has been studied. Bull et al. (1972) found that UGTs could be involved in the metabolism of insecticides by enhancing glucosidic conjugation in the organophosphorus resistant *Heliothis virescens* \[[@B12-ijms-20-01064]\]. Similarly, UGTs are important in pyraclofos metabolism in the resistant *Musca domestica* strain \[[@B13-ijms-20-01064]\]. An important feature of detoxification enzyme--mediated metabolic resistance is the overexpression of detoxification enzyme genes at the transcriptional level in insecticide-resistant insects, which results in increased protein amounts and enzyme activity levels. Previous studies have suggested that gene overexpression is the cause of insecticide resistance. Overexpression of *UGT2* contributes to imidacloprid resistance in the resistant strain of *Leptinotarsa decemlineata* \[[@B14-ijms-20-01064]\]. The overexpression of multiple UGT genes was found to play an important role in the resistance of *Aphis gossypii* to thiamethoxam insecticides \[[@B15-ijms-20-01064]\]. Overexpressed *UGT2B17* in *Plutella xylostella* conferred high-level chlorantraniliprole resistance \[[@B16-ijms-20-01064]\]. However, whether the chlorantraniliprole resistance in *C. suppressalis* is mediated by UGT genes needs to be investigated.

The study of the resistance mechanism in *C. suppressalis* will enhance the continued development of innovative alternative control measures and resistance management strategies. In the present study, UGT genes were identified in *C. suppressalis* based on genome data, and the phylogenetic relationships among these genes and their homologs in four other insects were analyzed. We performed synergism bioassays and screened overexpressed UGT genes using chlorantraniliprole-susceptible and chlorantraniliprole-resistant strains. Furthermore, we characterized tissue-specific expression profiles of overexpressed UGT genes. We also confirmed the function of UGTs in chlorantraniliprole resistance using RNA interference (RNAi). We aimed to elucidate the contribution of overexpressed UGTs to the chlorantraniliprole resistance mechanism in *C. suppressalis*.

2. Results {#sec2-ijms-20-01064}
==========

2.1. Chlorantraniliprole Toxicity and Synergists Assessment {#sec2dot1-ijms-20-01064}
-----------------------------------------------------------

The resistant strain (YYR) had developed a high resistance level to chlorantraniliprole (LC~50~ = 565.48 mg/L) with a resistance ratio (RR) of 44.32, while the susceptible strain (YYS) was sensitive to chlorantraniliprole. To investigate whether the UGTs were involved in the detoxification of chlorantraniliprole in the two strains of *C. suppressalis*, two chemicals, 5-nitrouracil (5-NU) and sulfinpyrazone (SUL), were selected as synergists for their good inhibition of UGT activity. In YYR, 5-NU increased the chlorantraniliprole toxicity by 3.38-fold, and SUL increased it by 3.56-fold. However, the toxicity of chlorantraniliprole was not significantly changed by 5-NU or SUL in YYS, and the synergistic ratios (SRs) were 1.22- and 1.13-fold, respectively ([Table 1](#ijms-20-01064-t001){ref-type="table"}).

2.2. Identification and Classification of UGT Genes {#sec2dot2-ijms-20-01064}
---------------------------------------------------

Twenty-four UGT genes with complete open reading frames (ORFs) were identified from the genomic database of *C. suppressalis*, and their cDNAs were cloned using reverse transcription polymerase chain reaction (RT-PCR) confirmation. Amino acid sequences of 24 UGTs were predicted uridine diphosphate glycosyltransferase conserved domains 'UDPGT' based on SMART online software (<http://smart.embl-heidelberg.de/>). The UGT gene names were constituted by a prefix '*Cs*' and a specific name. The specific names of these UGT genes were designated by the UGT Nomenclature Committee \[[@B17-ijms-20-01064]\]. The characteristics of these 24 UGTs are summarized in [Table 2](#ijms-20-01064-t002){ref-type="table"}. These gene sequences were deposited into GenBank (GenBank accession nos. MK135471-MK135494). The ORFs of the UGTs ranged from 514 to 544 amino acids in length, and the predicted molecular weights (MWs) of deduced proteins ranged from 57.36 to 62.11 kDa. The isoelectric points (PIs) ranged from 6.77 to 9.32. Fifteen of the 24 UGTs had signal peptide (SP) sequences at the N-terminal end. To understand the evolutionary relationships of *C. suppressalis* UGT genes, a phylogenetic analysis was performed by combing these data with the UGT orthologs from the other four species. The 24 *C. suppressalis* UGTs were clustered into 11 families, of which four and nine UGTs were clustered within the UGT33 and UGT40 families, respectively. There were two UGTs in the UGT39 and UGT42 family, respectively, and only one each in the UGT34, UGT44, UGT45, UGT46, UGT47, UGT50, and UGT340 families ([Figure 1](#ijms-20-01064-f001){ref-type="fig"}).

The amino acid sequence alignments of the 24 UGTs with human *UGT2B7* revealed that these UGT proteins contained the two major parts: the highly variable N-terminal substrate-binding part, and the conserved C-terminal sugar donor-binding part. The two catalytic residues deduced from human *UGT2B7* modeling (H and D) were located in the N-terminal substrate-binding part. In addition, the two predicted sugar donor-binding regions (DBR1 and DBR2) were found in the middle of the C-terminal part, and three important residues in DBR interacting with the sugar donor were also conserved. The UGT signature motif sequence, (FVA)-(LIVMF)-(TS)-(HQ)-(SGAC)-G-X(2)-(STG)-X(2)-(DE)-X(6)-P-(LIVMFA)-(LIVMFA)-X(2)-P-(LMVFIQ)-X(2)-(DE)-Q (where X is any amino acid), was found in the middle of the C-terminal part \[[@B10-ijms-20-01064]\]. The transmembrane domain, followed by cytoplasmic tails, was identified at the C-terminal end ([Figure 2](#ijms-20-01064-f002){ref-type="fig"}).

2.3. Screening of Overexpressed UGTs in C. suppressalis with Chlorantraniliprole Resistance {#sec2dot3-ijms-20-01064}
-------------------------------------------------------------------------------------------

Among the 24 UGT genes, *CsUGT40AL1* and *CsUGT33AG3*, which increased 12.36- and 5.34-fold in YYR, respectively, were significantly overexpressed in YYR compared to YYS ([Figure 3](#ijms-20-01064-f003){ref-type="fig"}). No significant differences between YYS and YYR were observed in the other 22 gene expressions.

2.4. Expression Patterns of Overexpressed UGTs in Different Tissues {#sec2dot4-ijms-20-01064}
-------------------------------------------------------------------

To investigate the tissue-specific expression patterns of the two overexpressed UGTs, qRT-PCR was carried out using RNA isolated from the head, hemolymph, Malpighian tubules, midgut, fat body, and integument tissue samples of *C. suppressalis*. *CsUGT40AL1* and *CsUGT33AG3* showed high expression levels in the Malpighian tubules (3.99- and 4.55-fold, respectively), midgut (2.88- and 2.09-fold, respectively), and fat body (2.38- and 3.09-fold, respectively), followed by the hemolymph (1.55- and 1.44-fold, respectively) and integument (1.19- and 1.40-fold, respectively). However, the relative expressions of the two UGTs were lowest in the head ([Figure 4](#ijms-20-01064-f004){ref-type="fig"}). The expression patterns of *CsUGT40AL1* and *CsUGT33AG3* may reflect their specialized roles in insecticide resistance.

2.5. Confirmation of Overexpressed UGT Genes Function {#sec2dot5-ijms-20-01064}
-----------------------------------------------------

A further in vivo functional study was conducted using RNAi to silence the two overexpressed genes, followed by a chlorantraniliprole bioassay to evaluate the contribution of these genes to chlorantraniliprole resistance. After double-stranded RNA (dsRNA) injection, *CsUGT40AL1* and *CsUGT33AG3* expression greatly decreased by 69.34% and 48.74% compared to that after injection with double-stranded enhanced green fluorescent protein (dsEGFP), respectively ([Figure 5](#ijms-20-01064-f005){ref-type="fig"}). This indicated that dsRNA injection effectively silenced these target genes. The susceptibility of the dsRNA-injected YYR *C. suppressalis* to chlorantraniliprole was evaluated on the basis of fourth instar larval mortality. High mortality was observed after individual injection with *CsUGT40AL1* (81.33%) and *CsUGT33AG3* (54.67%), compared to that after dsEGFP injection (35.42%) ([Figure 6](#ijms-20-01064-f006){ref-type="fig"}). However, the mortalities showed no significant differences among the three dsRNA treatments in the absence of chlorantraniliprole (results not shown). These results suggested that the RNAi-mediated silencing of the two UGT genes could decrease the resistance of YYR to chlorantraniliprole.

3. Discussion {#sec3-ijms-20-01064}
=============

Since 2008, chlorantraniliprole has been registered and commercialized in China for agricultural usage to control the occurrence of several lepidopteran taxa, which provides a valid method for managing insecticide resistance \[[@B3-ijms-20-01064]\]. The mode of its action can result in uncontrolled release of the calcium stores from muscle cells \[[@B7-ijms-20-01064]\]. Although chlorantraniliprole is especially effective against *C. suppressalis*, frequent use of this insecticide has prompted rapid development of chlorantraniliprole resistance in this pest. A previous resistance monitoring study showed that *C. suppressalis* in the Jiangxi, Hunan, Henan, and Zhejiang provinces of China developed moderate to high resistance to chlorantraniliprole (64.10- to 249.60-fold) in the field \[[@B1-ijms-20-01064],[@B2-ijms-20-01064],[@B8-ijms-20-01064]\]. In the present study, we found that *C. suppressalis* could develop high-level resistance to chlorantraniliprole in the laboratory under selection pressure, which was in line with previous findings \[[@B8-ijms-20-01064],[@B9-ijms-20-01064]\]. The results indicated that *C. suppressalis* populations from different geographical areas seem to have a remarkable ability to develop resistance to this insecticide under continuous pressure. Additionally, several other lepidopteran pests, such as *P. xylostella*, *Spodoptera exigue*, and *Spodoptera litura*, developed high chlorantraniliprole resistance in China \[[@B18-ijms-20-01064],[@B19-ijms-20-01064],[@B20-ijms-20-01064]\]. Despite the occurrence of resistance, chlorantraniliprole is still used in agriculture for lepidopteran pest management. To make good use of this insecticide and prolong its usage, an in-depth understanding of the resistance mechanisms is necessary. A susceptible YYS and a resistant YYR were established under intensive laboratory selection environments to decrease genetic diversity, which provided a genetic background to elucidate resistance mechanisms.

Understanding resistance mechanisms is a prerequisite for establishing resistance management strategies. An important metabolic resistance mechanism of chlorantraniliprole mediated by phase I enzyme P450s in *C. suppressalis* has been reported \[[@B9-ijms-20-01064]\]; however, the increase in UGT enzyme activities is another main mechanism conferring insecticide resistance. The application of inhibitors is an effective way to verify an enzyme's function. This study showed that the toxicities of chlorantraniliprole were significantly increased by the two UGT inhibitors (5-NU and SUL) in the YYR strains but not in the YYS strain, suggesting that enhanced UGTs enzyme activities may contribute to biochemical mechanisms of resistance in *C. suppressalis*. The two synergists had high potential for utilization in the management of chlorantraniliprole-resistant insects due to their significant synergistic effects. Therefore, a glycosylation by UGTs might play an important role in the detoxification of chlorantraniliprole in *C. suppressalis*.

Although UGT enzymes might be associated with chlorantraniliprole resistance in *C. suppressalis*, the specific genes that encoded this functional enzyme were not likely to have been previously identified. In this study, 24 UGT genes were identified by searching the *C. suppressalis* genome. The availability of whole genome and transcriptome sequences of various insects enables the characterization and comparative analysis of UGTs in these species. The total number of UGT genes identified was lower than that identified in three species, namely *Helicoverpa armigera* (40 genes), *Bombyx mori* (44 genes), and *Drosophila melanogaster* (34 genes), but higher than that in *Spodoptera littoralis* (11 genes) and similar to that in *P. xylostella* (23 genes) and *Athetis lepigone* (23 genes) \[[@B21-ijms-20-01064],[@B22-ijms-20-01064],[@B23-ijms-20-01064],[@B24-ijms-20-01064],[@B25-ijms-20-01064],[@B26-ijms-20-01064]\]. Fifteen UGTs had signal peptide sequences at the N-terminal end. However, a signal peptide was absent from the other UGT genes, which were most likely non-secretory proteins, despite the complete sequence. Alignments of the *C. suppressalis* UGT amino acid sequences showed conserved domains, including DBR1 and DBR2 (important residues interacting with the sugar donor and catalytic residues), and the UGT motif signature sequences. These data suggested that *C. suppressalis* UGTs were likely active proteins, which is similar to observations reported for other lepidopteran taxa \[[@B25-ijms-20-01064]\]. The evolutionary relationships of *C. suppressalis* UGTs suggest that the identified UGT transcripts form a complete UGT gene repertoire of *C. suppressalis*. The *C. suppressalis* UGTs were distributed into 11 families (i.e., UGT33, UGT34, UGT39, UGT40, UGT42, UGT44, UGT45, UGT46, UGT47, UGT50, and UGT340), which formed family clusters with other insect UGTs. Phylogenetic tree analysis of *C. suppressalis* UGTs revealed patterns of interspecific conservation and lineage-specific expansion of the gene families. Similar to other lepidopteran taxa, 4 and 9 UGTs were clustered in the UGT33 and UGT40 families, respectively, indicating that the divergence of these genes in the two families likely increased the range of compounds that could be detoxified or regulated by glycosylation \[[@B21-ijms-20-01064],[@B25-ijms-20-01064]\]. Thus, these identified UGT genes in *C. suppressalis* could be used to further clarify their roles in chlorantraniliprole resistance.

The underlying UGTs that mediate metabolic resistance mechanisms were characterized by expression levels of UGT genes between the susceptible and resistant strains. In this study, *CsUGT40AL1* and *CsUGT33AG3* were significantly overexpressed in YYR, compared to YYS, which is in line with the synergism assays data, suggesting that overexpression of multiple UGT genes play a role in chlorantraniliprole resistance in *C. suppressalis*. The full-length cDNA sequences of the two UGT genes were obtained. The conserved signature motif position and conserved amino acid residues appeared to be diverse for each upregulated UGT gene, indicating the diversity of UGT genes involved in chlorantraniliprole resistance in *C. suppressalis*. The UGT33 and UGT40 family genes may have diverse functions, including detoxification of xenobiotics and insecticide resistance. Krempl et al. (2016) found that gossypol is partially metabolized by *UGT40D1* via glycosylation in *H. armigera* and *H. virescens*, which might be a crucial step in gossypol detoxification in generalist herbivores utilizing cotton as host plant \[[@B27-ijms-20-01064]\]. Some UGTs from the two families were overexpressed in the adult antennae of *A. lepigone*, suggesting that they contribute to the degradation of sex pheromones and plant volatiles, and/or insecticide detoxification \[[@B26-ijms-20-01064]\]. *UGT2B17* (renamed *UGT33AA4*) from the UGT33 family is involved in chlorantraniliprole resistance in *P. xylostella* \[[@B16-ijms-20-01064],[@B25-ijms-20-01064]\]. The identified *CsUGT40AL1* and *CsUGT33AG3* sequences clustered into an own group separated from *UGT2B17* (renamed *UGT33AA4*) from *P. xylostella* in phylogenetic tree, suggesting the specificity of UGTs in different insect species. Our study, combined with these examples, confirmed contributions of *CsUGT40AL1* and *CsUGT33AG3* in chlorantraniliprole resistance in *C. suppressalis*. Expression of *CsUGT40AL1* and *CsUGT33AG3* was high in the Malpighian tubules, midgut, and fat body, followed by the hemolymph and the integument but was significantly lower in the head. The insect Malpighian tubules, fat body, and midgut are well-known to play crucial roles in the metabolism of xenobiotics and restrict the spread of the insecticide and minimize its toxic effects \[[@B28-ijms-20-01064]\]. Similar expression patterns of UGT genes were reported for *P. xylostella* \[[@B16-ijms-20-01064]\], *H. armigera* \[[@B21-ijms-20-01064]\], and *B. mori* \[[@B22-ijms-20-01064]\]. This suggests that the two UGT genes highly expressed in those tissues may be involved in sequestering chlorantraniliprole and in the detoxification processes.

To confirm a functional role of the overexpressed UGT genes in chlorantraniliprole resistance, we performed gene-silencing RNAi assays. Such technology has previously been used to analyze gene functions in *C. suppressalis* and has shown potential for developing new pest control measures \[[@B9-ijms-20-01064],[@B16-ijms-20-01064],[@B29-ijms-20-01064]\]. Our results showed that dsRNA injection significantly silenced the target genes. This notable knockdown of the target genes resulted in a higher larval mortality rate than control in the resistant strain, indicating a loss of resistance. The RNAi results indicated both UGTs contributed to chlorantraniliprole resistance. But the expression of *CsUGT40AL1* was much higher than that of *CsUGT33AG3*, and tissue-specific expression patterns of *CsUGT40AL1* and *CsUGT33AG3* also showed significant differences. Therefore, further metabolism efficiencies were compared to evaluate the importance of the two UGT proteins in chlorantraniliprole resistance. The present study showed that UGTs mediated metabolic resistance of chlorantraniliprole in *C. suppressalis*, in addition to P450-mediated resistance.

4. Materials and Methods {#sec4-ijms-20-01064}
========================

4.1. Insects and Sample Preparation {#sec4dot1-ijms-20-01064}
-----------------------------------

The *C. suppressalis* colony was derived from a field population collected from a paddy field near Yuyao City, Zhejiang Province, China, in March 2016. After collection, a susceptible strain YYS was established by maintaining one part of the population on rice seedlings in the laboratory for 17 generations without exposure to insecticide. The rest of the population was continuously selected in the laboratory by treating fourth instar larvae with LC~50~ of chlorantraniliprole (using the diet surface overlay bioassay method \[[@B9-ijms-20-01064]\]) for 17 generations to obtain a resistant strain of YYR. The *C. suppressalis* colony was reared on rice seedlings at 27 ± 1 °C with a humidity of 70--80% and 16-h light/8-h dark photoperiod in the laboratory.

Fourth instar larvae in YYS and YYR were collected to analyze tissue-specific expression patterns for the different strains. The fat body, midgut, hemolymph, integument, head, and Malpighian tubules were dissected from fourth instar larvae of the YYS strain, and washed with phosphate-buffered saline (PBS; 140 mM NaCl, 27 mM KCl, 8 mM Na~2~HPO~4~ and 1.5 mM KH~2~PO~4~ pH 7.4). Whole insect and tissue samples from those individuals were immediately frozen in liquid nitrogen and stored at −80 °C until RNA extraction. Each collection was replicated three times.

4.2. Toxicity and Synergism Bioassays {#sec4dot2-ijms-20-01064}
-------------------------------------

A stock solution of chlorantraniliprole (97.3%, TC; DuPont Trading Co., Ltd., Shanghai, China) was dissolved in *N*,*N*-dimethylformamide (Solarbio Science and Technology Co., Ltd., Beijing, China) and serially diluted into 5--6 concentrations with distilled water containing 0.1% Triton X-100 (Sinapharm Chemical Reagent Co., Ltd., Shanghai, China) as a cosolvent. The artificial diet was prepared as previously described \[[@B9-ijms-20-01064]\]. The insecticide surface overlay diet was prepared by applying diluted chlorantraniliprole (100 μL) to the surface of the artificial diet (900 μL) in each well of a 24 well plate after the artificial diet solidified. A single fourth instar larva was transferred into each well when the liquid disappeared. Insects feeding the diet treated with water containing *N*,*N*-dimethylformamide and Triton X-100 were used as control. Each treatment was replicated three times for a total of 144 larvae per concentration. All treated insects were reared under the above rearing conditions. The mortality was checked after 72 h. Using a synergism bioassay, two UGT inhibitors, 5-NU and SUL (Sigma-Aldrich Trading Co., Ltd., Shanghai, China), were dissolved into a series of chlorantraniliprole concentrations with 0.1% Triton X-100 at a final concentration of 600 mg/L. The final concentrations of 5-NU and SUL were used in the maximum sublethal concentration that led to zero mortality in fourth instar larvae. Three replicates were performed for each concentration. All other procedures were the same as above. The LC~50~ values were calculated using probit analysis in the PoloPlus software (LeOra Software Inc., Petaluma, CA, USA). SRs were calculated as the LC~50~ values of the insecticide alone divided by the LC~50~ values of the insecticide with the synergist treatments. A significant difference was deemed to exist between LC~50~s when their 95% CL did not overlap.

4.3. RNA Isolation and cDNA Synthesis {#sec4dot3-ijms-20-01064}
-------------------------------------

Total RNA was extracted from samples using Trizol reagent (Life Technologies, Carlsbad, CA, USA) following the manufacturer's instructions. The quality and quantity of RNA were checked using agarose gel electrophoresis (1.3%) and Nanodrop spectrophotometry (Thermo Fisher Scientific, Waltham, MA, USA). First-strand cDNA was synthesized by HiScript II Q RT SuperMix for qPCR (+gDNA wiper) (Vazyme biotech Co., Ltd., Nanjing, China) according to the manufacturer's protocol.

4.4. Identification of UGT Genes and Phylogenetic Analysis {#sec4dot4-ijms-20-01064}
----------------------------------------------------------

UGT gene sequences were obtained by querying genome databases of *C. suppressalis* (<http://www.insect-genome.com/>) with annotated gene names \[[@B30-ijms-20-01064]\]. Cap3 software was used to identify the overlaps between different sequences and to remove redundant fragments (<http://doua.prabi.fr/software/cap3>). Uridine diphosphate glycosyltransferase conserved domains 'UDPGT' of UGT genes were analyzed by using the SMART online software (<http://smart.embl-heidelberg.de/>) \[[@B31-ijms-20-01064]\]. Each of the putative UGT sequences was used as a query to search the NCBI non-redundant protein database using BLASTX to validate further the potential UGTs (<http://www.ncbi.nlm.nih.gov/>). Finally, the putative 24 UGT genes with complete ORFs were obtained. The accuracy of these putative UGT genes was substantiated by RT-PCR using the primers detailed in [Table S1 (Supplementary Materials)](#app1-ijms-20-01064){ref-type="app"}, and these were submitted to GenBank. The complete ORFs of *C. suppressalis* UGT genes were predicted using the ORF finder tool (<http://www.ncbi.nlm.nih.gov/gorf/gorf.html>). The SPs were predicted using SignalP 4.1 (<http://www.cbs.dtu.dk/services/SignalP/>). The PIs and MWs of deduced proteins were calculated using the ExPASy Compute pI/Mw tool (<http://web.expasy.org/compute_pi/>). A set of 163 UGT gene sequences from 5 species, namely *S. exigua* (32 sequences), *B. mori* (44 sequences), *H. armigera* (40 sequences), *P. xylostella* (23 sequences) and *C. suppressalis* (24 sequences), were obtained from the NCBI database. The names and accession numbers of the genes used for phylogenetic tree building are listed in [Table S2 (Supplementary Materials)](#app1-ijms-20-01064){ref-type="app"}. Amino acid sequences were aligned with ClustalX 2.0 and unrooted trees were constructed by MEGA 5.0 using the neighbor-joining method with Poisson correction of distances \[[@B32-ijms-20-01064],[@B33-ijms-20-01064],[@B34-ijms-20-01064]\]. Node support was assessed using a bootstrap procedure based on 1000 replicates.

4.5. Expression Patterns of UGT Genes in Resistant and Susceptible Strains {#sec4dot5-ijms-20-01064}
--------------------------------------------------------------------------

qRT-PCR was performed to determine the expression patterns of UGT genes in different strains and tissues using an Applied Biosystems™ QuantStudio™ 6 Flex Real-Time PCR System. Primers were designed by Beacon Designer 7.0 (Premier Biosoft International, Palo Alto, CA, USA) and are listed in [Table S3 (Supplementary Materials)](#app1-ijms-20-01064){ref-type="app"}. A ChamQ^TM^ SYBR^®^ qPCR Master Mix (Vazyme biotech Co., Ltd., Nanjing, China) was used according to the manufacturer's protocol. Normalization of each experimental gene expression level was conducted based on the geometric mean of two selected reference genes, *G3PDH* and *Actin A1* \[[@B8-ijms-20-01064]\]. The expression stability of the two reference genes was analyzed with geNorm Software \[[@B35-ijms-20-01064]\]. Data were calculated according to the 2^−ΔΔ*C*t^ method.

4.6. Functional Analysis of Overexpressed UGT Genes with RNAi {#sec4dot6-ijms-20-01064}
-------------------------------------------------------------

Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA), and the first-strand cDNA was synthesized as previously described. The specific primers for dsRNA synthesis were designed on the basis of sequences of overexpressed UGT genes and the fragment sequence of an enhanced green fluorescent protein (EGFP), which contained T7 polymerase promoter sequence at both ends ([Table S4, Supplementary Materials](#app1-ijms-20-01064){ref-type="app"}). The PCR products amplified by RT-PCR were purified using Wizard^®^SV gel and the PCR clean-up system (Promega, Madison, WI, USA) according to the manufacturer's protocol and were used as templates for in vitro transcription using the T7 RiboMAX^TM^ Express RNAi System (Promega, Madison, WI, USA) to synthesize dsRNA. All dsRNAs were resuspended in nuclease-free water and quantified spectrophotometrically. These dsRNAs were examined by agarose gel electrophoresis to verify that the products exhibited the expected sizes in a single band. Then they were stored at −80 °C until use.

RNAi experiments were performed using the dsRNA microinjection method. The dsRNA was dissolved in diethyl pyrocarbonate-treated water to a final concentration of 4 µg/µL. Then dsRNA (1 µL, 4 µg) was injected into the larvae using a microneedle. The needles were pulled from glass capillaries (outer diameter, 1 mm; inner diameter, 0.5 mm) using a micropipette puller (Model P-97, Sutter Instruments Co., Novato, CA, USA). The needles were held still at the injection point for 30 s to avoid small interfering RNA leakage. The dsRNA injection was performed using an Eppendorf InjectMan NI 2 microinjection system (Eppendorf, Hamburg, Germany). Thirty fourth instar larvae in YYR were used for each treatment, and all experiments were performed in triplicate.

Three hours after interfering, 30 surviving larvae from each treatment were treated according to the preliminary bioassay method described above. The treated *C. suppressalis* were kept under the rearing conditions described above, and the mortality was checked after 72 h.

To estimate the target gene silencing effect following RNAi, qRT-PCR was used to measure the expression levels of the target genes in YYR. qRT-PCR was performed as previously described. The primers used are listed in [Table S4 (Supplementary Materials)](#app1-ijms-20-01064){ref-type="app"}.

4.7. Statistical Analysis {#sec4dot7-ijms-20-01064}
-------------------------

Data are presented as mean ± standard deviation (SD). Student's *t*-test was used for two sample comparisons. One-way analysis of variance (ANOVA) followed by Tukey's honest significant difference (Tukey's HSD) test was used for multiple group comparisons. All statistical analyses were performed using SPSS 20.0 software (SPSS Inc., Chicago, IL, USA). *p* \< 0.05 was considered statistically significant.

5. Conclusions {#sec5-ijms-20-01064}
==============

The present study strongly supports the conclusion that the overexpression of UGTs is responsible for resistance to chlorantraniliprole in *C. suppressalis*. These results, in conjunction with the involvement of UGT in chlorantraniliprole resistance of *P. xylostella*, provide evidence that overexpression of UGTs in chlorantraniliprole resistance may be a common mechanism in lepidopteran pests. Future pest management decisions using chlorantraniliprole to control lepidopterans should take this into account.

We thank Michael H. Court (member of the UGT Nomenclature Committee) for the nomenclature of *Chilo suppressalis* UGTs.

Supplementary materials can be found at <https://www.mdpi.com/1422-0067/20/5/1064/s1>.
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UGT

Uridine diphosphate glycosyltransferase

UDP

Uridine diphosphate

RyR

Ryanodine receptor

RNAi

RNA interference

dsRNA

Double-stranded RNA

5-NU

5-nitrouracil

SUL

Sulfinpyrazone

RR

Resistance ratio

SR

Synergism ratio
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Confidence limits
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Open reading frame
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Molecular weight
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Isoelectric point
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EGFP

Enhanced green fluorescent protein

qRT-PCR

Real-time quantitative reverse transcription polymerase chain reaction

RT-PCR

Reverse transcription polymerase chain reaction

PBS

Phosphate-buffered saline

SD

Standard deviation

ANOVA

Analysis of variance

Tukey's HSD

Tukey's honest significant difference

![Phylogenetic relationship of UGTs from different species using the complete amino acid sequences. Twenty-four UGT amino acid sequences from *Chilo suppressalis* (Cs before the name), 23 from *Plutella xylostella* (Px), 32 from *Spodoptera exigua* (Se), 40 from *Helicoverpa armigera* (Ha), and 44 from *Bombyx mori* (Bm). The tree was constructed with MEGA 5.0, using the neighbor-joining method with the Poisson correction model and 1000 bootstrap replicates. The identified UGTs are highlighted with solid black circles.](ijms-20-01064-g001){#ijms-20-01064-f001}

![Multiple alignments of 24 UGTs in *C. suppressalis* with human *UGT2B7*. The transmembrane domain and cytoplasmic tails based on human *UGT2B7* are underlined. Asterisks (**\***) below alignments indicate the important catalytic residues (H and D). Black and grey background indicate that residues strictly conserved and residues well conserved, respectively. Two donor-binding regions (DBR1 and DBR2) are overlined. The signature motif is boxed. Several important residues interacting with the sugar donor are indicated by letters (a, b, and c) under the alignment.](ijms-20-01064-g002){#ijms-20-01064-f002}

![Relative expression levels of UGTs in YYS and YYR determined by real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR). Data were normalized to the expression of *G3PDH* and *Actin A1*. Error bars represent the standard deviation (SD) from the mean of three independent replicates. Thirty fourth instar larvae were sampled for each biological replicate. Asterisks (**\***) indicate a significant difference in the expression levels of UGTs between YYS and YYR using Student's *t*-test (*p* \< 0.05).](ijms-20-01064-g003){#ijms-20-01064-f003}

![Expressions of *CsUGT40AL1* and *CsUGT33AG3* in different tissues of the fourth instar larvae of YYS. HD, head; HL, hemolymph; MT, Malpighian tubules; MG, midgut; FB, fat body; and IT, integument. The mRNA levels in the different tissues were normalized to the expressions in the head. Error bars represent the SD from the mean of three independent replicates. For each biological replicate, 30 fourth instar larvae were sampled. Different lowercase letters indicate significant differences among treatments as determined by one-way analysis of variance (ANOVA) followed by Tukey's honest significant difference (Tukey's HSD) test (*p* \< 0.05).](ijms-20-01064-g004){#ijms-20-01064-f004}

![qRT-PCR analysis of UGT gene expression after individual UGT dsRNA injection in YYR of *C. suppressalis*. Data were normalized to the expression of *G3PDH* and *Actin A1*. Error bars represent the SD from the mean of three independent replicates. There were 30 fourth instar larvae for each biological replicate. Asterisks (\*) indicate significant differences between treatments as determined by Student's *t*-test (*p* \< 0.05).](ijms-20-01064-g005){#ijms-20-01064-f005}

![Mortality of chlorantraniliprole-treated YYR strain of *C. suppressalis* larvae after individual dsRNA injection. Error bars represent the SD from the mean of three independent replicates. For each biological replicate, 30 fourth instar larvae were sampled. Asterisks (\*) indicate significant differences between treatments as determined by Student's *t*-test (*p* \< 0.05).](ijms-20-01064-g006){#ijms-20-01064-f006}
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###### 

Synergism effects of 5-NU and SUL on the toxicities of chlorantraniliprole in the YYS and YYR strains.

  Strain                       Treatment                 LC~50~ (95% CL) (mg·L^−1^)   Slope ± SE    *x* ^2^   RR        SR
  ---------------------------- ------------------------- ---------------------------- ------------- --------- --------- ------
  YYS                          Chlorantraniliprole       12.76 (11.08--14.76)         2.72 ± 0.31   5.96      1.00      1.00
  Chlorantraniliprole + 5-NU   10.48 (8.95--12.27)       2.42 ± 0.35                  5.17          \-        1.22      
  Chlorantraniliprole + SUL    11.27 (9.76--13.03)       2.70 ± 0.32                  7.72          \-        1.13      
  YYR                          Chlorantraniliprole       565.48 (510.42--626.47)      3.67 ± 0.22   7.31      44.32     1.00
  Chlorantraniliprole + 5-NU   167.47 (146.78--191.08)   2.97 ± 0.29                  2.68          \-        3.38 \*   
  Chlorantraniliprole + SUL    158.71 (139.32--180.79)   3.08 ± 0.28                  7.75          \-        3.56 \*   

\* Indicates statistical significance. CL, Confidence limits; RR = LC~50~ of YYR strain/LC~50~ of YYS strain; SR = LC~50~ of chlorantraniliprole/LC~50~ of chlorantraniliprole + synergist.
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###### 

Characteristics of the UGT genes identified in *C. suppressalis*.

  Gene Name      Accession Number   ORF Size (aa)   PI/MW (KDa)   SP      'UDPGT' Domain   Best Blastx Match                    
  -------------- ------------------ --------------- ------------- ------- ---------------- ------------------- ---------------- -----
  *CsUGT33AF1*   MK135471           518             7.77/59.32    1--19   22--517          Ha                  XP_021197637.1   62%
  *CsUGT33AG1*   MK135472           524             6.91/60.06    1--22   24--517          Pp                  XP_013139422.1   61%
  *CsUGT33AG2*   MK135473           520             6.77/59.27    1--20   24--517          Ha                  AEW43120.1       55%
  *CsUGT33AG3*   MK135474           520             9.14/59.67    1--23   25--519          Ha                  AEW43118.1       57%
  *CsUGT340D1*   MK135475           523             7.24/59.54    1--19   21--519          Bm                  NP_001243963.1   52%
  *CsUGT34A8*    MK135476           523             8.30/59.31    --      22--510          At                  XP_013184861.1   62%
  *CsUGT39B10*   MK135477           528             9.00/61.43    --      110--517         Bm                  NP_001243980.1   69%
  *CsUGT39B9*    MK135478           528             9.01/60.69    1--21   95--516          Se                  ANI21999.1       66%
  *CsUGT40AJ1*   MK135479           514             8.87/58.20    --      19--513          Ha                  XP_021183292.1   56%
  *CsUGT40AK1*   MK135480           519             8.39/59.76    --      29--518          Ha                  AEW43128.1       52%
  *CsUGT40AK2*   MK135481           519             8.83/59.17    --      37--515          Ha                  AEW43128.1       52%
  *CsUGT40AK3*   MK135482           520             8.76/59.33    1--18   27--516          Ha                  XP_021191114.1   54%
  *CsUGT40AL1*   MK135483           531             9.32/61.01    --      32--531          Ha                  AEW43128.1       54%
  *CsUGT40AM1*   MK135484           521             8.13/59.30    1--20   22--520          Dp                  OWR51610.1       59%
  *CsUGT40AN1*   MK135485           515             9.00/57.36    --      22--514          At                  XP_013186135.1   56%
  *CsUGT40AN2*   MK135486           514             8.94/57.42    --      22--513          At                  XP_013189977.1   56%
  *CsUGT40AP1*   MK135487           519             9.22/58.68    1--19   24--518          Bm                  XP_012550238.1   56%
  *CsUGT42C4*    MK135488           505             7.63/57.49    1--21   24--500          Se                  ANI22012.1       65%
  *CsUGT42H1*    MK135489           524             8.67/59.39    1--22   24--523          Pm                  XP_014358643.1   61%
  *CsUGT44A8*    MK135490           515             6.79/59.79    --      30--511          Ha                  XP_021186279.1   62%
  *CsUGT45C1*    MK135491           515             8.33/58.49    1--19   24--502          Pp                  XP_013141171.1   54%
  *CsUGT46A9*    MK135492           533             8.96/60.29    1--23   27--528          At                  XP_013183121.1   66%
  *CsUGT47A7*    MK135493           530             8.94/60.44    1--18   19--510          At                  XP_013192144.1   78%
  *CsUGT50A8*    MK135494           544             8.88/62.11    1--21   79--516          Ha                  XP_021184423.1   74%

ORF, open reading frame; MW, molecular weight; PI, isoelectric point; SP, signal peptide. ^1^ Se (*Spodoptera exigua*), Ha (*Helicoverpa armigera*), Pp (*Papilio polytes*), Bm (*Bombyx mori*), At (*Amyelois transitella*), Dp (*Danaus plexippus*), Pm (*Papilio machaon*).
